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Abstract At an organic farm in California, managed
biodiversity was manipulated by establishing a mustard
cover crop (MCC) and fallow during winter, and after
incorporation, tomato mixtures of one, three, and five
cultivars were planted in the spring (1-cv, 3-cv, and 5-cv,
respectively). It was hypothesized that cultivar mixtures
may increase yields over a monoculture if disease
pressure or nitrogen (N) availability is affected by the
previous cover crop. The monoculture (1-cv) of the
grower’s preferred cultivar was compared with mixtures
of it and other high-yielding cultivars in the region. Soil
nitrogen, soil microbial biomass carbon (MBC), soil
emissions of carbon dioxide (CO2) and nitrous oxide
(N2O), crop nutrient uptake, biomass, fruit quality,
intercepted photosynthetically active radiation (PAR),
and disease symptoms were measured. The MCC
reduced soil N leaching potential during winter and
immobilized soil N early in the tomato season as
suggested by higher soil MBC and CO2 emissions.
Tomatoes had higher PAR, aboveground biomass, fruit
yields, and harvest index in the winter fallow than in

the winter MCC, likely due to higher N availability in
the fallow plots after transplanting. All cultivar
mixtures had fairly similar yield and shoot biomass
within fallow and MCC, probably explained by the
low genetic diversity among California modern tomato
cultivars. However, at mid-season (75 days after
planting (DAP)), the 3-cv mixture had higher shoot
and fruit biomass, by 46% and 63%, than the
monoculture in the MCC, indicating some plasticity
under lower N availability. In the fallow treatment, soil
CO2 emissions were lower in the 3-cv mixture than the
monoculture at 77 and 100 DAP. Tomatoes in the 3-cv
mixture were redder than the monoculture. The 3-cv
mixture thus had some minor advantages compared
with the monoculture, but overall, there was little
evidence of higher ecosystem functions from mixtures
vs. monoculture. Further research on mixtures of
processing tomatoes may only be warranted for
conditions of higher environmental stress than occur
in California organic farms or if specific genotypic
traits become available such as for disease resistance or
improved nutrient uptake.

Keywords Brassica cover crop . Fruit quality .

Nitrogen . Soil . Solanum lycopersicum L. . Sclerotium
rolfsii Sacc

Introduction

In organically managed agroecosystems, higher tem-
poral and spatial biodiversity within production fields
can be achieved by crop rotations, mosaic cropping,
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and inter- and intraspecific crop mixtures (Skelsey et
al. 2005; Smith et al. 2008). These practices are
commonly used on organic farms due to their
beneficial effects on nitrogen (N) fixation, nutrient
uptake and retention, transfer of nutrients between
taxa, pest control, and productivity (Pimentel et al.
2005; Berntsen et al. 2006; Smukler et al. 2008).
Many organic farms rely on the sustainable intensifi-
cation of farm management practices that rely on
renewable resources, ecological stability, and biodi-
versity (USDA-NOP 2009), to increase productivity
and lessen environmental degradation (Vandermeer
et al. 2002; Kremen 2005; Jackson et al. 2007).

Cultivar mixtures are a type of within-field
diversification (Jensen 1952; de Vallavieille-Pope
2004). At present, their use has focused on disease
management and yield. For example, wheat, barley,
and rice are planted in intraspecific mixtures to
prevent disease outbreaks and spread in the USA
(WASS 2005), Germany (Finckh et al. 2000), and
China (Meung et al. 2003). In a review of 100 studies
of crop mixtures (mostly grains and legumes), yields
were often slightly greater than the mean of the
component cultivars (Smithson and Lenne 1996).
Yield stability of crop mixtures can exceed that of
their individual components across a range of soil
types (Cowger and Weisz 2008). Nonetheless, farmers
may be unwilling to risk lower yields in mixtures than
in monocultures (Jensen 1952). It is often difficult to
demonstrate that higher productivity occurs for
mixtures than for the best-yielding monoculture,
partly because so many different mixtures must be
tested (Cardinale et al. 2006). Nevertheless, trait
diversity in a mixture can improve the crop response
to biotic or abiotic stress especially in low-input
systems, where yields may be more susceptible to
variation in resource availability (Newton et al. 2009).

Cultivar selection for mixtures depends on plant
characteristics such as agronomic compatibility
(Lopez and Mundt 2000), genotypic diversity (Mundt
2002), high yields, and marketability. The usual
number of genotypes in a blend, i.e., cultivar mixture,
tends to be around three (Mundt 2002). Modern, high-
yielding cultivars can perform well in mixtures
especially when intraspecific interactions among
different cultivars within a species are low and harvest
can occur simultaneously (Phillips and Wolfe 2005).
Competition for dominance and niche complementarity
among cultivars can start from early plant development.

A cultivar’s response in a mixture depends on the
composition of a particular mixture and the surrounding
environment (Gallandt et al. 2001). Thus, a specific
cultivar can perform differently in various mixtures
than in monoculture, such as for harvest index (Brim
and Schutz 1968).

Cover crops are another means for increasing the
temporal diversity in communities. Some of the
benefits of cover crops are the control of weeds and
diseases, higher yields, reduction of run-off and soil
erosion, increased water infiltration in the soil, and
uptake and immobilization of nutrients that otherwise
could be lost from the system (Dabney et al. 2001;
Snapp et al. 2005; Smith et al. 2008; Wang et al.
2008). Brassica cover crops, in addition, have been
reported to have biofumigation effects after incorpo-
ration in the soil that decrease disease incidence in
subsequent crops (Brown and Morra 1997). Nutrient
uptake by crops and soil N retention are affected by
the nutrient release from cover crops, which varies
temporally, and depends on the quality of the cover
crop residues, e.g., C/N ratio (Wilke and Snapp
2008). Thus, the choice of a cover crop can affect
ecosystem functions not only during their growth
period, but also through the following cash crop
season.

The central question of this study was: what are the
benefits of a cultivar mixture compared with a
monoculture in an organic agroecosystem? We made
the following hypothesis based on the literature
reviewed above: tomato cultivar mixtures may
increase crop trait diversity when compared with the
grower’s preferred cultivar monoculture, and thus
favor higher yields, especially if problems with
disease occur, and if soil N availability is affected
by a previous cover crop. This hypothesis was tested
at an organic farm, with a set of commercially
important processing tomato cultivars that were
grown after either winter cover crop or fallow treat-
ments to alter nutrient availability during the summer
tomato growing season.

The specific objectives were to: (1) measure yield
responses and nutrient uptake of a locally prevalent
tomato cultivar, when grown in three different tomato
communities, and after a winter cover crop vs. winter
fallow treatment; and (2) assess the effects of
temporal and spatial biodiversity (by the use of cover
crop and cultivar mixtures) on nutrient availability
and N losses, yields, tomato disease, and fruit quality.
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The discussion considers factors that could improve
the benefits that may be derived from cover crops and
mixtures of cultivars on organic farms.

Materials and methods

Field description

Our study involved participatory research with
Rominger Brothers Farms, on a 26.5 ha field that
had been in organic production for 12 years in Yolo
County, California. The main commodities are pro-
cessing tomato (Lycopersicon esculentum Mill. =
Solanum lycopersicum L.) and oats (Avena sativa L.)
as hay. Fall/winter cover crops are grown in most
years. Processing tomatoes are grown every year on
alternating fields, following organic standards (Cal-
ifornia Certified Organic Farmers http://www.ccof.
org/), and utilize conventional tillage. The entire farm
is mapped as a Tehama silt loam, a fine-silty, mixed,
superactive, thermic Typic Haploxeralfs (USDA-SCS
1972). Total rainfall from November 2005 to April
2006 was 839 mm with over 40% of rain concentrated
between December 17 and January 5. Average
minimum and maximum temperatures during Fall,
2005, and Winter, 2006, i.e., the cover crop period,
fluctuated between 6.0°C and 17.6°C, respectively.
During the tomato season, the minimum and maxi-
mum average temperatures were 15.4°C and 34.1°C,
respectively, with a minimum of 8.9°C and a
maximum of 42.2°C between mid-June and mid-
September of 2006, and no rainfall occurred (CIMIS
2009).

Cover crop and cultivar mixtures

The experiment was conducted on a 0.8-ha plot and
received the same management as the rest of the field,
e.g., irrigation and weeding. During Summer/Fall,
2005, the entire field was laser leveled, compost
applied at a rate of 17 Mg per ha (C/N ratio of 9.7;
composed of turkey manure and wine-grape solid
residue), beds were prepared (1.52 m from furrow to
furrow), and a mustard cover crop (MCC) (Brassica
nigra [L.] Koch) was planted on November 3 with
three planting lines per bed. A total of 16 plots, eight
fallow and eight MCC plots (main plots), of 16 m
long by 9 m wide (six beds per plot) were established

in a randomized complete block design. The cover
crop was mowed on April 26, 2006, and mustard
residue was lightly incorporated in the top 10 cm of
soil after 19 days, with sprinkler irrigation in between.
Also the fallow fields were not tilled until this date.
After cover crop incorporation, main plots were
divided in three 5-m subplots (15 m total) along the
16 m length; a 0.5-m buffer strip from the main plot
was left on each edge along the bed. Thus, a total of
48 subplots (5 m long by 9 m wide) were established
in eight blocks with two main plots per block and
three subplots per main plot. Each cultivar mixture
(see below) was replicated eight times, once in every
fallow and MCC main plot, for a total of 16 plots per
mixture.

The processing tomato cultivars used in this
experiment were: “AB-2”, “CXD-179”, “H-2601”,
“H-8892”, and “Red Spring”. The cultivar mixtures
(subplot treatments) consisted of the “choice culti-
var” (AB-2) grown by the farmer in the entire field
(1-cv); a mixture of the “choice cultivar” plus two
more cultivars (CXD-179 and H-8892) used by the
same farmer on his other fields (3-cv); and these
three cultivars plus two more (H-2601 and Red
Spring) that were currently used by organic growers
in California for a total of five cultivars (5-cv). All
cultivars had the following characteristics, based on
discussions with growers and nursery managers:
high yielding and marketable for processing, grown
commercially with similar amounts and timing of
inputs, mid-maturity varieties, i.e., ~125 days from
planting to harvest, and fruit quality that met
industry standards. Cultivars within mixtures were
arranged in subsets depending on the mixture, and
the subsets were repeated continuously through the
bed. The three cultivar mixtures (1-cv, 3-cv, and
5-cv) were manually transplanted after a mechani-
cal planter had marked the planting rows. A total of
5760 seedlings were transplanted on May 18 and
19 on two rows per bed with plants separated
50 cm within each row, i.e., four plants per linear
m on a bed or 2.66 plants m−2, the same density as
used by the farmer. Between planting and harvest on
September 7 and 8, field management included a
mechanical weeding/cultivation, manual weeding, a
sulfur application as a mite and disease preventive
measure, and furrow irrigations at intervals of about
11 days for a total of nine irrigations of 88±22 mm
event−1 (Smukler et al. 2011).
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Soil sampling

During the cover crop period, soil was sampled on
January 19, 2006, and a week previous to incorpora-
tion on April 17 (−110 and −32 days after planting
(DAP), respectively). During the tomato season, soil
was sampled on May 25, July 17, and September 4 (7,
59, and 108 DAP, respectively). Sampling at 59 and
108 DAP was done on only three blocks (six main
plots and 18 subplots total), due to time and labor
limitations. Soil samples of about 500 g were taken
from three depths (0–15, 15–30, and 30–60 cm), and
were the composites of two cores per treatment. Well-
mixed soil subsamples were measured for KCl-
extractable nitrate (NO3

−) and ammonium (NH4
+)

with colorimetric determination using modifications
of Miranda et al. (2001) and Foster (1995). Poten-
tially mineralizable N (PMN) was determined
from 7-day incubated soil at 37°C under anaerobic
conditions, followed by KCl extraction and NH4

+-
N colorimetric determination (Waring and Bremner
1964). Microbial biomass carbon (MBC) was
analyzed for the 0–15- and 15–30-cm depths using
the fumigation extraction method, and total MBC
was calculated by multiplying the flush of C by 2.64
(Vance et al. 1987). PMN and MBC were not
determined for the January 19 sampling. Gravimet-
ric soil moisture was determined at every sampling
event.

Carbon dioxide (CO2) and nitrous oxide (N2O) gas
emissions were sampled after three irrigation events
of the tomato crop at 28, 77, and 100 DAP using
closed, capped chambers for 30 min (Rolston 1986).
Chambers were placed on the bed shoulder between
the furrow and each individual cultivar of the mixture
treatment. This location aimed to capture gas emis-
sions from zones of high root and microbial activity
during rapid changes in soil moisture after an
irrigation event. Air samples were taken immediately
after placing the chamber (0 min) and at 30 min after
with air-tight glass syringes. Gas samples were stored
in vacutainers for <1 week. N2O concentrations were
analyzed on a gas chromatograph (HP 6890, Hewlett
Packard, Palo Alto, CA), and CO2 concentrations
were determined using a GC with a thermal conduc-
tivity detector (HP 5890, Hewlett Packard, Palo Alto,
CA). Air and 1 and 7 cm soil depth temperatures were
recorded with a digital thermometer (Fisher Scientific
Inc., USA).

The soil solution was sampled with 60-cm lysim-
eters (Soil Moisture Equipment Corp., Santa Barbara,
CA) randomly placed on two different furrows within
each subplot. A total of 36 lysimeters in 18 subplots
in three blocks were used. Lysimeters were charged to
75 kPa and sampled about 3 days after a rain or
irrigation event. Samples were kept on ice in the field
until laboratory measurements were taken for pH and
EC on the same day and frozen for later analysis.
Concentrations of NO3

−-N were determined for all
water samples at the end of the cropping season after
thawing all samples on the same day as analysis was
performed (see above).

Plant sampling and measurements

Cover crop aboveground biomass was sampled in
both MCC and fallow treatments at −32 DAP. Three
subplots of 60 by 50 cm were sampled in each main
plot (MCC or fallow). The biomass of all three MCC
planting rows was included by sampling 60 cm across
the bed top. Biomass was separated into mustard,
volunteer oats, and weeds, and a composite sample
was made from the three subplots. Plants were rinsed
and oven dried at 60°C.

Tomatoes were sampled three times during the
growing season at 39, 75, and 111 DAP. For the first
two samplings, a set of either three (in the 1-cv and
3-cv) or five (in the 5-cv) plants per subplot were
sampled. The “choice cultivar” (AB-2) within each
mixture was always sampled individually. The other
cultivars were sampled as a composite mixture. For
the first two samplings, only four blocks were
sampled, but all eight blocks were included at the
time of harvest. At harvest, sampling was done on
two beds per subplot along a 2.25 m strip (nine plants
for the 1-cv and 3-cv mixtures), or 2.50 m strip (ten
plants for the 5-cv mixture) for a total of 18 or 20
plants per subplot, respectively. Plants were clipped at
the soil surface, sorted into vegetative and reproduc-
tive structures, and subsamples were oven dried at 60°
C, weighed, and ground for nutrient analyses. For
yield evaluation, fruits from each cultivar were
recorded as total fruit and also sorted into only
machine harvestable fruits. All plant samples were
processed at the DANR Analytical Laboratory, UC
Davis, for total N using a Nitrogen Gas Analyzer
(LECO FP-528, St. Joseph, MI), and total K and P by
2% acetic acid extraction and microwave acid
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digestion, respectively, and quantitative determination
by atomic absorption spectrometry or inductively
coupled plasma-atomic emission spectrometry (Meyer
and Keliher 1992).

Canopy light interception was measured at 35, 69,
and 95 DAP using a portable-tube solarimeter with
sensors for photosynthetically active radiation (PAR;
AccuPAR-80, v. 4.5, Decagon Devices, Inc. Pullman,
Washington). Measurements were taken at canopy
intervals of 12.5 cm for the first sampling and 25 cm
for the last two samplings. The bed length sampled
was 1.25 m (i.e., five plants) in the 1-cv and 5-cv
mixtures and 1.50 m (i.e., six plants) for the 3-cv
mixture to include equal representation of all cultivars
in a mixture.

Disease evaluation for Sclerotium rolfsii Sacc.
(Southern blight), a major problem in the entire field,
consisted of individual assessment of plants in
relation to disease symptoms at 74 DAP and harvest
(111 DAP). Plants were scored on a scale from 1 to 5,
where 1 was 0% of the individual plant affected, 2
(25%), 3 (50%), 4 (75%), and 5 (100% or dead).

Postharvest quality and fruit composition were
evaluated at 105 DAP by collecting a total of 25–50
fruits per cultivar from at least six plants within a
mixture. Fruits were stored at 10°C for 6 days, sorted,
washed, weighed, and selected for evaluations (12
fruits per rep×4 reps). From each cultivar within a
mixture, 12 fruits of marketable quality (no serious
defects and no decay) and weights between 40 and
80 g were evaluated for fruit color, firmness, soluble
solids (SS), titratable acidity, and pH (Mitcham et al.
2003). Fruit color was determined as L*a*b* color
values with a reflectance colorimeter (Minolta CR300
color meter) and expressed as hue angle (hue
decreases as fruit develops red color). Firmness was
tested with a nondestructive tomato firmness device
(Qualitest durometer) with values expressed as per-
cent of maximum force (13 Newtons). SS were
determined from samples frozen at −20°C, which
were partially thawed, blended, filtered and measured
on a digital refractometer. Titratable acidity (TA) was
determined from 10-mL juice, titrated with 0.1 N
NaOH, and pH was read directly on a pH meter.

Statistical analysis

The experimental design was a complete randomized
block design with a split-plot treatment structure.

Analysis of variance (ANOVA) was performed using
the GLM procedure of SAS, Version 9.1 (SAS
Institute, Cary, NC). The error term used for main
plots, i.e., fallow and MCC treatments, was specified
as “e = main plot × block”. Shapiro–Wilk W test for
normal distribution and Levene’s test for homogeneity
of variance were used to test that data fulfilled the
ANOVA assumptions. Data was transformed as
necessary when assumptions were not met. Tukey–
Kramer HSD test was used to determine significant
differences among treatments at P<0.05.

Results

Winter fallow and mustard cover crop treatments

Available inorganic N as NH4
+-N and NO3

−-N
differed between the fallow and MCC treatments,
with greatest differences between treatments after
cover crop incorporation and tomato transplanting
(Fig. 1a). The NO3

− pool was <1 g N m−2 (0–60-cm
depth) during the winter period, and increased in the
spring and summer to >3 g N m−2, with mean values
as high as 5.4 g N m−2 in the mid-tomato season. This
high value corresponds to pools of 2.2, 1.8, and
1.4 g N m−2 at 0–15-, 15–30-, and 30–60-cm depths,
respectively. More specifically, the winter MCC
decreased NO3

−-N prior to cover crop incorporation
and at 7 DAP. Ammonium was highest in the winter
(2.5 g N m−2), and then decreased to approximately
1 g N m−2 prior to cover crop incorporation and after
tomato transplanting. At 7 DAP, soil NH4

+-N was
slightly higher for the MCC treatment, and later
remained in the same range for both fallow and MCC
treatments.

Soil MBC during the tomato growing season was
generally higher in the MCC treatment (Fig. 1b). In
the 0–15-cm soil layer, MBC values fluctuated more
than at the 15–30-cm depth (data not shown). Results
are presented as the composite values for both depths.
Differences were found at 7 DAP, with >20% increase
in MBC for the MCC treatment, but not later in the
season. Potentially mineralizable N decreased with
time from 8.8 g N m−2 before cover crop incorpora-
tion (−32 DAP) to 4.1 g N m−2 by tomato harvest
(108 DAP), but was not different between fallow and
MCC treatments on any date (data not shown). Soil
CO2 and N2O emissions were higher early in the
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tomato season (28 DAP) than at mid-season (77
DAP) and before harvest (100 DAP) (Fig. 2). The
MCC treatment had higher CO2 emissions than the
fallow at 28 DAP (139.9 and 222.5 mg CO2-C m−2 h−1

for fallow and MCC treatments, respectively; P<0.05).
Aboveground plant biomass incorporated in the

spring was 4.6±0.4 Mg ha−1 in the MCC plots and
0.8±0.1 Mg ha−1 in the fallow plots, which contained
weeds and volunteer oats. This resulted in total
aboveground plant N of 66.0±4.1 and 18.0±
2.0 kg N ha−1 in MCC and fallow treatments,
respectively. Both biomass and N content were higher
in the cover crop treatment (P<0.0001). The C/N
ratio of the cover crop was about 30 at the time of
sampling.

The tomatoes in the fallow treatment intercepted
more PAR on all three sampling dates during the
tomato growing season (Table 1). Harvestable fruit
and total fruit biomass at 111 DAP were higher in the
fallow treatment by 44% and 39%, respectively
(Table 1). Shoot biomass was similar in both treat-
ments, but harvest index was significantly higher for
the fallow treatment. Plant nutrient content (N, P and
K) were similar on all dates, but at harvest, N tended
to be higher (P<0.10) for the winter fallow treatment
(fallow, 11.5 g N m−2 and MCC, 9.6 g N m−2), and P
content of non-harvestable fruit tended also to be
higher (fallow, 0.6 g P m−2 and MCC, 0.5 g P m−2; P
<0.10). Plants lost to S. rolfsii Sacc. were not different
between main plots with a survival rate of 89% for

fallow and 83% for the MCC (data not shown). Fruit
were redder in the fallow treatment than the MCC
(fallow, 38.9 hue and MCC, 39.8 hue; P<0.05), and
fruit firmness tended to be higher in the MCC
(fallow, 75.2% and MCC, 77.2%; P=0.06). Fruit
weight, % SS, pH, and TA were similar between
tomatoes grown in fallow and MCC treatments (data
not shown).

Tomato cultivar mixtures

Soil NO3
−- and NH4

+-N, potentially mineralizable N
and MBC did not differ among cultivar mixtures (data
not shown). Soil gas emissions of the cultivar
mixtures were not different, but there were main plot
× subplot interactions (Fig. 2). Within the fallow
treatment, CO2 emissions were higher in the mono-
culture than in the 3-cv mixture in the last two spot
samplings (77 and 100 DAP). N2O emissions were
higher before harvest (100 DAP) in the 5-cv mixture,
but were quite low overall.

At harvest, vegetative growth and yields were
similar for the three cultivar mixtures within each of
the two winter treatments. Separate analyses by main
plot were performed due to main plot*subplot
interactions. Within the fallow treatment, cultivar
mixtures had similar PAR interception and biomass
production (Fig. 3). Within the MCC, some differ-
ences were observed. At 39 DAP, biomass in the
MCC monoculture was higher than the MCC 5-cv
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mixture. At 75 DAP, shoot and fruit biomass for the
MCC 3-cv mixture were 46% and 63% higher than
the MCC monoculture, but there were no differences
by harvest (Fig. 3). Canopy PAR interception for the

MCC monoculture was significantly higher than the
MCC 3-cv mixture at final harvest (Fig. 3).

Postharvest quality and compositional analyses
showed differences in color and fruit weights among
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Table 1 Percent photosynthetically active radiation (PAR) intercepted, tomato shoot and fruit biomass, harvest index and N uptake at
early and mid-crop season, and harvest time for processing tomato mixtures after the two winter treatments

DAPa Variables Cover crop treatment

Fallow mean ± SE Mustard mean ± SE

35 PAR intercepted (%) 20±1.0 a 15±0.9 b

69 PAR intercepted (%) 46±1.0 a 39±1.3 b

95 PAR intercepted (%) 47±1.2 a 43±1.3 b

39 Shoot biomass (g m−2) 70±6.8 54±4.7

75 Shoot biomass (g m−2) 246±17.4 275±19.7

111 Shoot biomass (g m−2) 294±9.3 274±13.2

75 Total fruit (g m−2) 122±12.5 126±13.8

111 Total fruit (g m−2) 352±15.4 a 252±15.1 b

111 Harvestable fruit (g m−2) 234±14.7 a 162±15.6 b

111 Aboveground N (g N m−2) 12±0.4 10±0.4

111 Harvest index 0.36±0.02 a 0.30±0.01 b

Data show the mean ± standard error for all cultivar mixture treatments, since no differences were observed amongst them. Means
followed by different letters are significantly different at P<0.05. n=24, except on DAP 39 and 75 when n=12
a Days after transplanting
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cultivar mixtures. The fruit in the 3-cv mixture were
redder than those in the monoculture (1-cv, 40.3 hue;
3-cv, 38.5 hue; and 5-cv, 39.4 hue). The average fruit
weight in the monoculture was higher than fruit in
both mixtures (1-cv, 63.4 g; 3-cv, 49.5 g; and 5-cv,
50.2 g). Fruit firmness, % SS, pH, and TA were not
different between the mixtures (data not shown).

“Choice cultivar”

The choice cultivar performed similarly within the
mixtures under the fallow treatment (Fig. 4). But
under the MCC treatment, the choice cultivar showed
marked differences within cultivar mixtures in the
first two biomass samplings. At 39 DAP, total plant
biomass of the choice cultivar (g plant−1) in the MCC
monoculture (1-cv) was higher than in the MCC 5-cv
mixture. At 75 DAP, the choice cultivar in the MCC
3-cv and 5-cv mixtures had higher vegetative above-
ground biomass than the choice cultivar in MCC
monoculture. Fruit biomass of this cultivar was also
higher in the MCC 3-cv mixture than in the MCC
monoculture. By harvest, no differences were found
for shoot, harvestable fruit, and total fruit for the

‘choice cultivar’ in the different mixtures. The choice
cultivar fruit were redder in the fallow than the MCC
treatment (39.6 and 41.3 hue, respectively).

Discussion

At this organic farm, cultivar mixtures did not result
in increased yields compared with the monoculture
chosen by the farmer, even under conditions of low N
availability and disease pressure. Unexpectedly, the
1-cv, 3-cv, and 5-cv treatments were quite similar in
terms of nutrient uptake, light interception, shoot and
fruit biomass. This suggests that trait diversity was
low, with little differentiation in resource use or
disease resistance. The cover crop increased soil N
retention before and after its incorporation, reducing
potential losses of soil NO3

−-N, but decreasing
tomato yields due to an apparent initial period of
high microbial N immobilization after cover crop
incorporation. Organic farms typically rely on higher
biodiversity to enhance ecological functions (Hole
et al. 2005; IFOAM 2005; Badgley and Perfecto
2007), but this study suggests that the application of
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these concepts requires an understanding of the
specific traits that enhance complementarity, the
complexity of plant–plant and plant–soil interac-
tions, and the potential benefits under fluctuating
environmental conditions.

Cultivar mixtures

The lack of significant differences between the
mixtures and the monoculture in crop performance
and resource utilization may be the result of reduced
genetic diversity in California modern tomato culti-
vars. Processing tomatoes are specifically bred for a
compact canopy and determinate growth to facilitate
mechanical harvest, and improved varieties usually
result from crosses of already existing varieties
(Tanksley and McCouch 1997; Jones et al. 2007).
Thus, a narrow genetic diversity may have limited the
potential for niche differentiation and complementar-
ity that could have given mixtures an advantage over
the monoculture.

Commercial cultivars are developed for their
performance in monocultures but not for their

agronomic response in cultivar mixtures (Worster and
Mundt 2007; Newton et al. 2009). Testing the best
performing mixture becomes challenging because of
the large number of possible combinations that a group
of cultivars can generate. In this study, the five
cultivars would have generated 26 different combina-
tions. The mixtures were assembled from currently
used cultivars with high agronomic compatibility, but
with no prior knowledge of the cultivars’ performance
in mixtures. Similarly, for wheat mixtures assembled
based on cultivar characteristics and monoculture
performance, yields never exceeded the highest yield-
ing monoculture even under N limitation at an organic
farm, even though component cultivars differed in
early seasonal vigor, height, leaf area index, and time
to maturity (Kaut et al. 2009). Some studies have
found that different spatial arrangements of agricultural
crops in mixtures (wheat and clover) also have an
effect on biomass productivity (Worster and Mundt
2007), but it is unlikely that it would have occurred
here due to the similarity of the cultivars used.

Identifying the best-yielding monoculture is easier
than finding a mixture that outperforms the monocul-
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ture (Schmid et al. 2008). Choosing an overyielding
monoculture rather than a cultivar mixture also
depends on a grower’s decision to either: (1)
achieve the highest yield under higher risk, given
that some resource deficiency or disease may occur;
(2) secure a more stable yield in a fluctuating
environmental situation, e.g., drought or heatwaves;
or (3) assure high yields under conditions of
consistently low environmental stress (Ceccarelli
1996; Phillips and Wolfe 2005; Kaut et al. 2009).
For instance, mixtures with traits related to different
flowering times in maize secured yields from
terminal drought (Tilahun 1995). Cultivar diversity
can increase yield stability by different cultivar
response to stress conditions (Cowger and Weisz
2008; Newton et al. 2009). The tomato cultivars
used in this study, however, were bred for high
yields under the high-input, low-risk conditions of
conventional, irrigated agriculture in California’s
Central Valley. Thus, traits that confer stress toler-
ance may be largely absent in all of the cultivars.
One exception might be the differential response
when N availability was limited due to delayed cover
crop incorporation. The higher aboveground biomass
of the MCC 3-cv mixture at 75 DAP may be the type
of desired response in environments where nutrient
source and temporal availability fluctuate, although
it did not translate into higher productivity by
harvest. In this case, the choice cultivar temporarily
had higher biomass in the mixture than in the
monoculture, suggesting that reduced competition
may have allowed rapid exploitation of the limited
soil N, generating a positive growth response. This
suggests that research on competition and trait
complementarity among components/cultivars in
mixtures may reap benefits compared with exclu-
sively focusing on overyielding monocultures in
low-input systems (Vandermeer et al. 2002; Jackson
et al. 2007).

All mixtures were equally affected by S. rolfsii, a
soilborne pathogen for which no specific resistance
has been reported from any of these cultivars. In fact,
mixtures may be more conducive to suppression of
airborne pathogens than soil pathogens, because
innoculum is more pervasive due to long-term
presence in the soil, and to continuous root-soil
pathogen contact from the onset of crop establishment
(Mundt 2002; de Vallavieille-Pope 2004; Newton
et al. 2009).

Different rates of soil gaseous emissions have been
related to specific cultivars, crop growth and devel-
opmental stage (Wang et al. 1997; Wang and Adachi
2000; Das and Baruah 2008). Methane emission of
rice cultivars was related to higher root biomass, root
exudates, and number of tillers because the plant acts
as a conduit for methane transport (Wang et al. 1997;
Wang and Adachi 2000). Gaseous emissions of 3-cv
and 5-cv mixtures differed from the monoculture at
some spot samplings under the fallow treatment. One
possibility is that higher allocation to shoots and
fruits, instead of roots, by some cultivars in the 3-cv
mixture may have reduced total root biomass and root
exudates, compared with the monoculture, with lower
C availability for microbial respiration. In contrast,
N2O emissions were so low and differences so small
that cultivar plasticity in allocation patterns have had
little effect (Murphy et al. 2007).

The University of California statewide processing
tomato variety trials conducted on conventionally
managed farms show that monocultures of the five
cultivars used in this study can vary in yield depend-
ing on location and year (UCCE 2009). For instance,
the ‘choice cultivar’ was better yielding than two of
the other four cultivars used in this study in 2007,
yielded the same as two of these cultivars in 2006,
and it yielded less than two of these cultivars for the
year 2005, based on an average of at least five
locations. Within years, cultivar yields varied by as
much as 65%, but as low as 35%, depending on
location. Thus, no single cultivar excelled across the
range of environmental conditions for California
processing tomatoes under conventional, high-input,
irrigated agriculture. Overall, the cultivars appear to
vary somewhat in response to annual variation in
weather, local soils, or slight differences in manage-
ment, but apparently not enough to generate differ-
ences in these mixtures.

In theory, stability of yields is higher when plants
have complementary traits (Tilman et al. 2002).
Greater productivity and more efficient resource use
by a diverse plant community can occur due to high
niche differentiation, which tends to increase with the
number of plant taxa present (Loreau et al. 2001;
Tilman et al. 2001). Canopy architecture, timing of
fruit set, and above- and belowground allocation
patterns can increase niche differentiation (Cowger
and Weisz 2008). While not observed here, there is
still the possibility that an advantage of tomato
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mixtures could occur with a more diverse set of
cultivars especially in organic farming systems, which
have greater fluctuation in N availability (Papendick
and Elliott 1984), and less means available for disease
control than conventional systems.

Fallow and mustard cover crop

The cover crop during the winter in this Mediterranean
climate effectively reduced the potential for NO3

−-N
leaching up until the time of incorporation. Late rains
in the spring forced the grower to delay the incorpo-
ration of the MCC, and the maturity of the plants was
the most likely reason for increased soil N immobili-
zation potential, as suggested by higher MBC and CO2

emissions from the soil (Wyland et al. 1995).
The tomato crop performed better under winter

fallow, likely due to higher N availability early in the
tomato growing season. Early timing of N release
from a cover crop was more important for corn yield,
which has early N demand, compared with wheat for
which N demand may be later (Smith et al. 2008).
Negative effects of cover crops on N availability for
the succeeding crop are often related to higher C/N
ratio (Wyland et al. 1995; Thorup-Kristensen et al.
2003; Berntsen et al. 2006; DuPont et al. 2009); a
delay of 3 weeks in the incorporation of a non-
leguminous cover crop can increase the C/N ratio by
as much as 50% (Vaughan and Evanylo 1998).
Organic tomato yields decreased with delayed incor-
poration of a grass-legume cover crop, while legumes
alone as a cover crop with a lower C/N ratio, did not
affect yields (Madden et al. 2004).

Despite these problems that occurred in an unusu-
ally wet spring, cover crops must still be considered
as a key element for organic vegetable production
(Martini et al. 2004; Lenzi et al. 2009). Practices to
deal with large amounts of cover crop biomass
include earlier mowing followed by immediate
incorporation, which would have allowed decompo-
sition to occur earlier in the year. Also, it may have
been advantageous to delay tomato planting to match
cover crop N release with crop N demand.

Biofumigation by Brassica spp. incorporation did
not reduce the total plants lost to disease, as has also
been seen in other field studies which considered
soilborne pathogens like Verticillium dahliae Kleb.,
Fusarium spp., and Pseudomonas spp. (Scott and
Knudsen 1999; Hartz et al. 2005). In mustard-

incorporated soils, S. rolfsii populations were not
different than non-planted soils (Njoroge et al. 2008).
Positive effects on disease suppression depend on the
amount of biomass, method of incorporation, tissue
disruption, and timing related to pathogen life-cycle
stage (Morra and Kirkegaard 2002; Matthiessen and
Kirkegaard 2006; Snapp et al. 2007). Thus, the
biofumigation effect of a cover crop is dependent on
careful and precise management, and may need to be
combined with other practices, e.g., rotations with no-
susceptible crops, for a reduction in plant disease.

Fruit quality

Increased harvest quality benefits growers because of
price premium incentives that processors establish in
relation to color, pH and %SS. Among the mixtures,
fruit were redder (lower hue value) in the 3-cv
mixture, and this suggests that harvest quality can
be improved. Cultivar traits, light exposure, and
temperatures all affect tomato color (McCollum
1954; Dumas et al. 2003). Light exposure was
measured as PAR interception, but no differences
were found between mixtures. Tomatoes in the fallow
treatment, however, had higher intercepted PAR and
fruit were redder. Reduced canopy shading exposes
fruits to direct sunlight, and fruit may reach temper-
atures above 32°C, which reduces color development
(McCollum 1954; Dumas et al. 2003).

Processing tomato cultivars differ in their final red
color as they ripen from a pink to a red color (Garcia and
Barrett 2006). Slightly different ripening times among
tomato cultivars might cause a response in either
direction, leading potentially to higher, more constant,
or lower quality depending on the ratio of different
components in a mixture. Mixtures of varieties that can
be held in the field with high quality fruit would be
advantageous for growers who are constrained in time
by a contract with a processing facility.

Conclusions

This study suggests that processing tomato mixtures in
California lack enough trait diversity to provide bene-
fits, compared with monoculture, and this differs from
work on other crop mixtures, e.g., wheat, barley, and
maize. Developing mixtures that outperform the mono-
culture will likely require planning to combine cultivars
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with explicit traits that result in specific community
interactions, niche complementarity, disease resistance,
or higher resource utilization, such as spatial or temporal
nutrient demands. Future research on mixtures of
processing tomatoes for organic farms should target
specific genotypic traits to meet such constraints.
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